Effectiveness and mechanism of action of andrographolide on the recovery of Pseudomonas aeruginosa susceptibility to antibiotics was investigated. In the presence of andrographolide, the Mueller-Hinton broth dilution method measured minimal inhibitory concentrations (MIC) of ceftazidine, cefpirome, chloramphenicol, L-ofloxacin, kanamycin, imipenem and meropenem.
Introduction
Pseudomonas aeruginosa is an opportunistic pathogen that can cause nosocomial (hospital-acquired) infections. Treatment of P. aeruginosa infection is a therapeutic challenge due to its intrinsic and acquired resistance to various antibiotics. The mechanism is mainly attributed to the overexpression of efflux pumps: so far, several efflux pumps including MexAB-CM Wu, JL Cao, MH Zheng et al.
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OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM have been reported in P. aeruginosa. 1 -4 MexAB-OprM is the major efflux pump in wild-type P. aeruginosa and plays an important role in its intrinsic and mutational multidrug resistance. 5, 6 Andrographis paniculata (Burm.f) Nees is a commonly used herb in China, India and other countries in subtropical and south-east Asia. The major active ingredient of A. paniculata is andrographolide. Fresh and dried leaves, as well as fresh juice from the whole plant, are used by a variety of cultures. In traditional Chinese herbalism A. paniculata is used to support healthy digestive, cardiovascular and urinary systems and in Sweden it has been used for over 10 years as a primary winter herb. This ancient Chinese medicinal herb, known as chuanxinlian, has historically been used as a hepatoprotective as well as for treating common colds. It is a bitter ingredient in the Chinese indigenous system of medicine and, traditionally, the decoction of Andrographis rootstalks and leaves is a bitter tonic, alterative, anthelmintic and antiperiodic, that can also treat intermittent fevers. Andrographolide is administered at dose rates of 400 -750 mg by intravenous infusion daily, 100 -200 mg by intramuscular injection twice daily, or 600 -900 mg orally three times daily.
Previous studies have confirmed that andrographolide could elevate antibiotic sensitivities 7 but, until now, the mechanism of action has not been elucidated. In order to evaluate the effectiveness and mechanism of action of andrographolide in the recovery of P. aeruginosa susceptibility to an array of antibiotics, the expression of mexAB-oprM mRNA and the minimal inhibitory concentrations (MIC) of antibiotics were investigated following treatment of P. aeruginosa with andrographolide.
Materials and methods

STRAINS
P. aeruginosa wild-type strain PAO1 and Escherichia coli strain JM109 were obtained from our laboratory collection. P. aeruginosa quality control strain ATCC27853 was obtained from the bacterial laboratory of Tongji Hospital, Wuhan, China. P. aeruginosa strain overexpressing MexAB-OprM (MexAB-OprM overexpressing strain) was obtained by plating PAO1 on L-agar containing 1 µg/ml of both ofloxacin and cefsulodin. 8 Bacteria were routinely grown in Luria broth at 37°C.
REAGENTS AND INSTRUMENTS
Taq DNA polymerase was purchased from BioStar, Saskatoon, Canada. The DL2000 DNA marker and pMD18-T vector were products of ToKaRa Inc., Shiga, Japan. The plasmid extraction mini kit and gel extraction kit were from Omega Bio-Tek, Inc., Doraville, GA, USA. The RNase reagent kit was produced by Watson Biotechnologies, Inc., Shanghai, China. The HindIII, EcoRI, M-MLV reverse transcriptase and RNase-free DNase were purchased from Promega, Madison, WI, USA. The RNase inhibitor and Real-time PCR Master Mix were obtained from Toyobo Co. Ltd, Osaka, Japan. Injectable andrographolide was made by Shanghe, Wuxi, China, and Mueller-Hinton medium was purchased from Oxoid, Basingstoke, UK. Ceftazidine, cefpirome, chloramphenicol, L-ofloxacin, kanamycin, imipenem and meropenem were standard substances, purchased from Sigma, St Louis, MO, USA. The main instruments used were: Rotor-Gene RG-3000 TM (Corbett Company, Brisbane, Australia); a K-15 high-speed refrigerated centrifuge (Sigma, Osterode, Germany); and a DU-650 spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA). 
MIC TEST
The Mueller-Hinton broth dilution method was used to measure the MIC of ceftazidine, cefpirome, chloramphenicol, L-ofloxacin, kanamycin, imipenem and meropenem in the presence of andrographolide at concentrations of 0 (control), 50, 100, 150, 200 and 250 µg/ml. The dose tested for each antibiotic ranged from 0.125 to 1024 µg/ml in sequentially doubled dilutions with susceptibility testing at 0.25, 0.5, 1, 2, 4, 8, 32, 64, 128 and 256 µg/ml. Every test was replicated five times. Values were obtained 16 -24 h after 10 5 cfu/ml were inoculated. According to the guidelines of the National Committee for Clinical Laboratory Standards (NCCLS, 2004), 9 the standard quality-control strain used was P. aeruginosa strain ATCC27853.
SEGMENTS OF GENE mexB AND rspL AMPLIFICATION
Genomic DNA of P. aeruginosa was isolated by the Chelex 100 method. 10 Polymerase chain reaction (PCR) primers were designed according to the report of Yoneda et al. 11 and synthesized by Invitrogen, Shanghai, China. The length of the objective gene, mexB, was 244 base pairs. The forward primer sequence was 5'-GGTGTTCGGCTCGCAGTACT-3' and the reverse primer sequence was 5'-ACCGTCGGGATTGACCTTGA-3'. The length of the internal reference, rspL, was 241 base pairs. The forward primer sequence was 5'-GCAACTATCAACCAGCTGGTG-3' and the reverse primer sequence was 5'-TCAGCACTACGCTGTGCTCTT-3'. Each 25 µl aliquot of the PCR reaction mixture contained 2.5 µl reaction buffer, 1 µl primers, 2 µl 10 mM deoxyribonucleotide triphosphate (dNTP), 0.5 U Taq DNA polymerase, 1 µl DNA and 18 µl doubledistilled water. Reaction mixtures were subjected to an initial 1 min denaturation step at 93°C, followed by 30 cycles of 40 s at 93°C, 30 s at 55 °C and 1 min at 72°C.
CONSTRUCTION, TRANSFORMATION AND IDENTIFICATION OF STANDARD PLASMID PREPARATION
Polymerase chain reaction products were run on 1.5% agarose gels and were purified using one-step DNA gel extraction. The purified PCR products were ligated to a pMD-T vector using a T-vector kit. Competent E. coli JM109 was prepared using a standard method and the ligation product was transformed into competent E. coli JM109. Recombinant plasmids pMD18-T-mexB and pMD18-T-rspL were extracted and purified, then identified by PCR sequencing and restriction enzyme digestion. The MEM6 and MER8 strains with correct sequences were conserved for later use.
CONSTRUCTION OF STANDARD CURVES
Concentrations of pMD18-T-mexB and pMD18-T-rspL were determined using a spectrophotometer. The plasmids were then diluted to 10 10 , 10 9 , 10 8 , 10 7 , 10 6 , 10 5 , 10 4 , 10 3 , 10 2 and 10 1 copies/ml using sterilized water. The PCR reaction mixture contained 10 µl SYBR ® Green Real-time PCR Master Mix, 0.2 µM forward primer, 0.2 µM reverse primer, 2 µl DNA and 7.2 µl double-distilled water. Mixtures were heated at 93°C for 15 min before being subjected to 45 cycles of 15 s at 93°C, 15 s at 55°C and 20 s at 72°C. After the reaction was complete, computerized drawings of the standard curves of mexB and rpsL were obtained.
GROUPING AND TOTAL RNA EXTRACTION
PAO1 and MexAB-OprM overexpressing strains were incubated in Luria broth medium and then diluted in fresh, preheated Andrographolide and recovery of P. aeruginosa susceptibility medium in order to achieve an absorbance at 600 nm (A 600 ) of 0.025. After incubation at 37°C for 3 h, seven 4.5 ml bacterial aliquots were collected. One of these was reserved for RNA extraction, and 0 (control), 50, 100, 150, 200 and 250 µg/ml andrographolide was added to the other aliquots and they were grouped respectively. These samples were incubated for an additional 6 h and achieved an A 600 of 1.6. For each group, 4.5 ml bacterial total RNA was extracted. The procedure was performed according to the instructions of the RNase reagent kit. Finally, the contents and purity of RNA were measured by spectrophotometry.
SYNTHESIS OF cDNA
Next, 2 µg total RNA, 0.5 µg random primers and RNase-free water were added to a microcentrifuge tube to make a total volume of 15 µl. The mixture was denatured at 70°C for 5 min and then placed in ice to maintain a temperature of 0°C for 1 min. After that, 5 µl of 5 × RT reaction buffer (from the RNase reagent kit), 1.25 µl 10mM dNTP, 0.6 µl of 40 U/µl RNase inhibitor, 1 µl of 200 U/µl Moloney murine leukaemia virus reverse transcriptase and 17.15 µl RNase-free water were added into the microcentrifuge tube. After reaction at 37°C for 60 min, the tube was placed in a freezer (-70°C).
EXPRESSION OF MexAB-OprM USING REAL-TIME FQ-PCR
The expression of MexAB-OprM was determined by real-time fluorescence-based quantitative PCR (FQ-PCR). The cDNA of PAO1 and MexAB-OprM overexpressing strain was amplified using a Rotor-Gene RG-3000 TM . After amplification, a computeraided comparison of amplifying curves of the samples and standard was performed, and the relative expression of MexAB-OprM for all samples was computed.
STATISTICAL ANALYSIS
Statistical evaluation of the data was carried out using the Statistical Package for Social Sciences (SPSS ® version 12.0; SPSS Inc., Chicago, IL, USA).
Student's t-test and ANOVA (analysis of variance) test were used where appropriate. A P-value < 0.05 was considered to be statistically significant.
Results
MIC
In the andrographolide treated groups, the MIC of ceftazidine, cefpirome, L-ofloxacin and meropenem for the PAO1 strain and the MexAB-OprM overexpressing strain decreased one-to two-fold and two-to fourfold, respectively, compared with controls. In the andrographolide-treated groups, the MIC for chloramphenicol in the MexAB-OprM overexpressing strain decreased two-fold, compared with the control, but the MIC for kanamycin and imipenem MexAB-OprM overexpressing strain had no changes ( Table 1 ).
PCR PRODUCTS
The lengths of the PCR products were approximately 244 and 241 base pairs, which are the same lengths as segments of the genes mexB and rpsL, respectively (Fig. 1 ).
STANDARD CURVES
Prior to dilution, concentrations of pMD18-T-mexB and pMD18-T-rspL, determined using a spectrophotometer, were 3.3 × 10 12 and 1.5 × 10 12 copies/ml, respectively.
In the range of 10 2 -10 9 copies/ml (mexB) and 10 4 -10 9 copies/ml (rpsL), the cycle threshold had an excellent linear correlation with the initial concentrations of the templates. Correlation coefficients were 0.99977 and 0.9999, for mexB and rpsL, respectively (Fig. 2) .
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In the control groups, mexB/rpsL in both the PAO1 strain and the MexAB-OprM overexpressing strain was significantly higher in samples incubated for 9 h compared with those incubated for 3 h. The relative amounts of mexB mRNA in the PAO1 strain (mean ± SD: 0.0361 ± 0.0095 vs 0.0034 ± 0.0012, P < 0.01) and in the MexAB-OprM 
TABLE 1: Minimal inhibitory concentrations (MICs) of antibiotics in the presence of andrographolide for Pseudomonas aeruginosa wild-type strain PAO1 and P. aeruginosa
MexAB-OprM overexpressing strain Andrographolide and recovery of P. aeruginosa susceptibility overexpressing strain (mean ± SD: 0.1862 ± 0.0537 vs 0.0062 ± 0.0012, P < 0.01) increased 10-and 30 fold, respectively (Fig.  3) . The expression of mexB/rpsL mRNA in the andrographolide-treated groups was significantly lower than in the control groups (P < 0.05); there was no significant difference between the andrographolidetreated groups (Fig. 4 ).
Discussion
The MexAB-OprM efflux pump acts as an important factor in the mechanism of P. aeruginosa multidrug resistance:
overexpression of this pump leads to P. aeruginosa multidrug resistance to quinolone, macrocyclic lactone, β-lactam, etc. 12 The MexAB-OprM efflux pump belongs to the ribonucleoprotein superfamily and consists of an inner membrane, MexB, a periplasmic membrane fusion protein, MexA, and a channel-forming outer membrane protein, OprM.
The gene encoding the MexAB-OprM efflux pump lies in the same operon, mexAB-oprM, with mexR as the controlling gene. The mexR gene is located upstream of operon mexAB-oprM and encodes MexR, which is the repressor protein of mexAB-oprM. Mutation of Andrographolide has an excellent antiinfective effect. Research by Feng et al. 7 shows that the bactericidal effect of andrographolide in vitro is not obvious. This indicates that its effect is not due to a simple process of sterilization but, rather, to a process via an alternative mechanism which has yet to be identified. In our study, after the PAO1 and MexAB-OprM overexpressing strains were treated with andrographolide, the MIC of ceftazidine, ceprirome, Lofloxacin and meropenem decreased one-to two-fold and two-to four-fold, respectively, but the MIC of kanamycin and imipenem were unchanged ( Table 1 ). The results indicate that andrographolide could recover the susceptibility of P. aeruginosa to antibiotics that are the substrate of MexAB-OprM, but could not recover the susceptibility of P. aeruginosa to antibiotics that are not the substrate of MexAB-OprM. However, it could be reasonably assumed that the recovery by andrographolide may be attributed to the MexAB-OprM efflux pump.
To illustrate the mechanism by which andrographolide could recover susceptibility to antibiotics for P. aeruginosa, the expression of MexAB-OprM in the MexAB-OprM overexpressing strain was determined by real-time FQ-PCR. Because the gene encoding the MexAB-OprM efflux pump lies in the same operon, mexAB-oprM, the expression of gene mexB could reflect the expression of the entire gene. Gene rpsL, which is a 30S rRNA, was taken as the internal reference for PCR. The results showed that the expression of mexB mRNA in the andrographolide group decreased considerably in comparison with the control and this was consistent with the MIC results. 
